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A B S T R A C T
A commercial gas velocity sensor used for ﬂue gases monitoring was subject to severe
corrosion failure. An investigation was conducted based on visual inspection, micro-
structural study and SEM observation coupled to EDX analysis. A combination of
mechanisms was proposed including a dominating severe dew point corrosion for both
transducer and its covering, galvanic attack and an eventual hydrogen attack for the
transducer side part. Recommendations were proposed to avoid a future severe damage to
such type of sensor including an insulation between transducer and covering metals and
an up-grade of the titanium alloy used.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Flue gases are critical combustion by products from power generation industry. Under the environmental restrictions,
industrial power plants adopt different methods to control such emissions in the atmosphere. One of the methods is to detect
and monitor ﬂue gases that are depending on the quality of the fuel by using gas sensors. The function of a sensor is to detect
the presence of different gases in ﬂue gas outlet from boiler electro-static precipitator (ESP) and from absorber outlet.
Saline Water Conversion Corporation (SWCC) is using a commercial ﬂue gas velocity sensor (FLSE100) and recently, a
transmitter/receiver unit was received from SWCC Power Plant showing severe corrosion of the sensor (Fig. 1). An
investigation was carried out to determine the cause of corrosion failure.
The commercial sensor is composed by different modules (Fig. 2) consisting of electronics unit, UHD (unplugged, high
power and digital signal) connection, duct probe and transducer. The sensor is mounted in the ﬂue gas duct directly. The
transducer is connected to the sensor. The type FLSE100 unit is intended for application with gas temperatures up to max.
220 8C. The unit has special transducer design which has features namely, no purge air and therefore, no purge-air unit
required. The advantages of such a unit are: (i) lower expense for mounting and installation, and (ii) easier maintenance and
low operating costs.
Table 1 provides typical process data at SWCC boiler chimney.                
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Fig. 1. Photograph showing the sensor unit in as received condition.
Fig. 2. Schematic diagram with modules of the sender/receiver unit (FLSE 100 UHD1).
Table 1
Typical process data at SWCC boiler chimney.
S. # Items Data
1. Medium Mixture of ﬂue gas
2. Flue gas ﬂow at chimney (1,046,200) m3/h
3. Flue gas pressure at stack 1.1 bar
4. Flue gas temperature at stack <100 8C
5. SO2 in ﬂue gas at chimney 3.9%
6. O2 in ﬂue gas at chimney 3.9%
7. H2O in ﬂue gas at chimney 6.9%
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parts of the sensor unit. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) Analysis were the main
techniques applied to determine the cause of the problem.
2. Results
2.1. Visual examination
Fig. 3 is a closer view of the duct probe showing black and light corrosion deposits on its surface. These corrosion products
were subject to EDX analysis. Fig. 4 shows a photograph of the sensing part after removing the duct probe. The photograph is
marked by the presence of deposits on the corroded sensor.
Fig. 3. Close picture showing deposits on the duct probe.
Fig. 4. Photograph showing the sensing part.
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sensor and transducer shows damage of the transducer and presence of corrosion deposits before cleaning (Fig. 6) and its
condition after cleaning (Fig. 7).
The transducer which is made of Ti acts as an outer covering for the sensor, is further covered by SS casing of duct probe
(as revealed by EDX analysis). The transducer covering shows a brittle appearance and shallow pits appeared on the outside
part surface (made of SS) after removing the deposits (Fig. 8).
2.2. Microstructural analysis
The microstructure of a cross-section of the sensor sample shows polygonal grains a type structure with ﬁne dispersion of
TiO2 (Fig. 9). Such a-titanium alloy is known for good corrosion resistance except in contact with mineral acids where its
performance is moderate [1] and good creep strength. In addition, a structure is known for its low susceptibility to hydrogen
attack [2]. On the other hand, the presence of Al and Zr (detected in EDX analysis) suggest the presence of b-phase also [3].
Thus, the titanium alloy is an a–b-structure with domination of a-phase.
Fig. 5. Sensor unit showing corrosion at the top portion, the tip is. removed for investigation
Fig. 6. Top view of the sensor shows deposits and damage (before cleaning).
Fig. 7. The top side of the sensor shows the damage (after cleaning).
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Fig. 8. Shallow-pits on the stainless steel of the duct probe at outer side shown after removing the deposits
Fig. 9. Photomicrograph of a cross-section of the sensor sample 200.
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EDX studies were carried out on different sections of the sensor relevant to corrosion. Following are the salient features of
the EDX studies:1. Sensor: Scanning electron image of a cross-section of sensor sample (at the tip) is shown in Fig. 10A. We observe a
continuous scale on the base metal (Ti alloy) without any disruption. The EDX proﬁles recorded at three locations of
electron image 1, 2 and 3 are shown in Fig. 10B–D, respectively. The proﬁles indicate the predominant concentration
of Ti and lower concentration of Zr in sensor material. The spot 1 (Fig. 10B) located at the outer surface of the sensor
shows signiﬁcant concentration of oxygen which is indicative of the presence of TiO2 responsible of titanium
passivity.2. Metal transducer top (unpolished): The EDX proﬁle of the metal top shows predominant presence of a Ti as indicated by the
presence of strong Ti peak. EDX analysis indicates 44.64% Ti. The other elements present in low concentrations include S
(2.6), Fe (16) and Zr (1.2) (Fig. 11). The unpolished transducer top appears to have high concentration of TiO2 deposits
along with sulphide.3. Metal transducer top (polished): The EDX proﬁle of the metal top (polished) indicates that the top is entirely made of Ti
(95.61) with some Zr (2,90) (Fig. 12).4. Deposits at the top of sensor: The EDX proﬁle of the deposits shows presence of moderate concentration of S (21.0) and Ti
(19.5). Fe is present in relatively low concentrations (5.5). From the results of EDX analysis, it appears that deposits are
mainly comprised of sulphide and oxide of Fe and Ti (Fig. 13).
Fig. 10. (A) SEM image of a cross-section of sensor; (B) EDX proﬁle of spot 1; (C) EDX proﬁle of spot 2; (D) EDX proﬁle of spot 3.
Fig. 11. EDX proﬁle of the transducer top (unpolished).
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Fig. 12. EDX proﬁle of the transducer top (after polished).
Fig. 13. EDX proﬁle of the deposits collected from the top of the sensor.
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are low. The corrosion deposits collected from the duct probe are most likely comprised of iron oxide and iron sulphide
(Fig. 14).6. Duct probe material: The EDX proﬁle of the internal of the upper-side of duct probe shows the presence of Fe, Cr and Ni in
high concentrations and Mo in low concentration (Fig. 15). The results indicate that the duct probe is made of 316 SS.
4. Mechanism
The corrosion failure that was subject the gas sensor could be organized in the following sequences.
Initially, the 316 SS covering the internal titanium alloy was severely attacked by mechanism of dew point corrosion
caused by the sulfuric acid containing condensate. Indeed, sulfur containing ﬂue gases (SO2 – 3.9%) in presence of moisture
(6.9%) and a temperature below 100 8C (Table 1) support clearly such mechanism. In addition, the presence of Fe, Cr and other
alloying SS elements in the EDX proﬁles of the unpolished transducer top (Fig. 11) and Fig. 13 conﬁrm such hypothesis.
Fig. 14. EDX proﬁle of the deposits at the duct probe.
Fig. 15. Duct probe upper-side material.
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are known for their sensitivity and low corrosion resistance to this reducible acid. Thus, the condensate which is rich in
H2SO3/H2SO4 attacked the sensor. This acidic corrosion attack resulted in the formation of oxide and sulﬁde products. This
mode of reaction is the main dominant mechanism as supported by the EDX analysis of the deposits.
Another second mechanism involved in the failure is the galvanic attack that is subject the less noble 316 SS (outside
covering) which is in contact with titanium alloy (more noble) and undergo a severe corrosion in presence of acidic
condensate as shown in Fig. 7. This second mechanism of attack is further supported by the composition of the deposits
(analyzed by EDX) containing Fe, Cr, Ni and Mo or Ti (Figs. 11–15).
For the pits detected at the external surface of the transducer, it is known that the two predominant localized corrosion
failure modes for Ti alloys are crevice corrosion and hydrogen-induced cracking (HIC) [3]. The shallow pits observed for the
outer part of the transducer in Fig. 8 could originate from a hydrogen embrittlement due to the electrochemical produced
atomic hydrogen supplied by the galvanic attack. This hydrogen up take is usually mentioned in the literature [4] and such
action requires the destruction of the rutile (TiO2) thin oxide layer which is known to limit the hydrogen up take [5]. The
disruption of this oxide is likelihood at highly acidic conditions and/or galvanic coupling [1] which could be our situation.
And what could support this is the clearly brittle appearance of the surface.
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Titanium alloys are more susceptible for hydrogen attack compared to a-titanium which dominate the microstructure of Ti
alloy [2].
The Ti corrosion resistance could be enhanced by addition of Pd and Ru elements [6].
5. Conclusions The sensor transducer and its external covering were found covered with contaminated deposits which are rich in sulphur.
 Both 316 SS covering and the transducer part made of titanium were subject to dew point corrosion originated from the
sulphur containing ﬂue gases combined to the moisture and low temperature. A galvanic corrosion between titanium (more noble) and 316 SS (less noble) is also suggested if the two metals are in
mutual contact with acidic condensate.
6. Recommendations The design of sensor unit has to be modiﬁed so as to avoid a direct contact between titanium and stainless steel.
 Use titanium alloy containing Pd and/or Ru to enhance the acidic corrosion resistance.
 Control the operating conditions of the boiler unit so as to prevent temperature lowering to acid dew point during the
process of normal operation, start-up and shut-down.
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